Novel attributes in modeling and optimizing of the new graphene based InxGa1−xN Schottky barrier solar cells J. Appl. Phys. 115, 194506 (2014) We investigate changes in the properties of 8 nm thin metal oxide (Nb-doped SrTiO 3 ) films in response to relatively high voltage or light soaking under three Sun excitation. We measure the current-voltage behavior of metaljinsulatorjmetal type diodes and use a device model to relate changes in device behavior to the metal oxide film properties. We find that the device's resistive switching is mainly associated with shifts (switching) of the metal oxide work function between high and low injection barrier states. The method presented here can be used for in situ monitoring of the contact work function and for quantifying the uniformity of this value across the device. We also discuss the effect of non-uniform work function on the apparent diode's ideality factor. V C 2015 AIP Publishing LLC.
Schottky barrier height switching in thin metal oxide films studied in diode and solar cell device configurations Thin metal oxide films are finding use in a range of applications such as contacts for light emitting diodes, contacts for solar cells, and as memristor elements. Certain metal oxides can display a several orders of magnitude change in their resistance. This phenomenon is utilized in memristors, and there is a vast effort to try to decipher the mechanism causing this phenomenon; however, no clear picture has yet evolved. 1, 2 When those same metal oxides are used as device contacts, a change in their properties during device operation would typically be considered as a device instability that is best avoided. One salient example of such an instability is the light soaking phenomenon in organic photovoltaic solar cells, which use a transparent conductive oxide (TCO) as their cathode. [3] [4] [5] [6] However, numerous reports show that these devices suffer from an s-bend kink in their current-voltage behavior, strongly reducing the fill factor of these devices and their power conversion efficiency. Several studies have linked this s-bend kink to a combination of the TCO having a larger work function than expected 3, 6, 7 and having poor conductivity. 8, 9 Exposing these solar cells to light for a period of time ranging from a few minutes up to several hours, a process known as light soaking, causes the s-bend kink in the device behavior to disappear due to a photo-induced change in the TCO layer. Several explanations of the photo-induced changes in the oxide have been proposed. One of the most cited being the release of oxygen from the surface of the TCO by UV light, thereby increasing the TCO's electron carrier concentration. 5, 6 Another explanation is the filling of surface or bulk electronic traps in the TCO by photoexcited charge carriers. 3, 7, 10 While the instability of a metal oxide contact would typically be undesirable, Yalon et al. 11 were able to make inferences about the switching phenomena in a metal oxide by carefully studying the performance of bipolar transistors that used the metal oxide as part of the contact stack. In their work, the configuration of the bipolar transistors was [metalmetal oxidejsemiconductor]. Similarly, Kim et al. 3 used a [metaljmetal oxide] Schottky junction to study how resistive switching affected the metal oxide interface. In this paper, we suggest the use of a structure resembling the [metaljinsulatorjmetal] (MIM) diode, i.e., [metaljmetal oxidejorganic semiconductorjmetal] . We analyze the current-voltage characteristics of a range of devices following either the application of switching-voltage or light soaking. We find that the change in the device resistance can largely be attributed to reversible changes in the metal oxide work function. Using a semiconductor device model, we show that one can extract not only the effective contact barrier height but, to some extent, also the spatial nonuniformity of the contact or the area fraction that switches. We believe that this constitutes a method of characterizing the relative work function of a deep buried contact interface in a complete device that would be inaccessible to conventional techniques such as the Kelvin probe and photoemission spectroscopy.
II. EXPERIMENTAL
The Nb-doped SrTiO 3 (SrTiO 3 :Nb) films used in this study were made by pulsed laser deposition (PLD). First, a target of the proper stoichiometry, SrTi .98 Nb .02 O 3 , was prepared using the conventional mixed-oxide solid state reaction route. SrCO 3 (99.994% purity), TiO 2 (99.995% purity), and Nb 2 O 5 (99.9985% purity) powders from Alfa Aesar were mixed in the proper amounts to obtain the desired Nb content of 2% of the B-site cations. After 24 h of ball milling, the powder was calcined at 1200 C for 16 h in air. The calcined powder was then pressed into a pellet and then a)
Author to whom correspondence should be addressed. 3 and 150 nm of gold was thermally evaporated using the same rates described for the hole only MIM-type devices. The samples were then vacuum annealed for 4 min at 130 C.
The samples were maintained in a N 2 environment at all times. Current-voltage measurements were taken with a Keithley 2400 source/meter. The light source for the illuminated current-voltage measurements of the solar cells and the light soaking treatment of the MIM-type devices was performed by an SS150W Class AAA solar simulator from ScienceTech Inc. The solar simulator used a Xe arc lamp and an AM1.5G air mass filter. It was calibrated by a broadband thermopile detector by Gentec-EO so that it illuminated the solar cells with the power equivalent of 1 Sun (100 W/cm 2 ). During the light soaking treatment, the devices were brought closer to the light source so that they experienced the power equivalent of 3 Suns.
III. RESULTS
The first device we report on is an electron only MIM type device having the following layer structure: FTO/ SrTiO 3 :Nb/PCBM/Ca/Al/Au. With the workfunction of SrTiO 3 :Nb and Ca positioned at $3.9 eV and $2.8 eV, the position of the PCBM HOMO at $6 eV below the vacuum level ensures that no holes can be injected in this device configuration, while PCBM's LUMO at $3.5 eV allows electrons to be injected into the device; hence, the device is a single carrier, electron only device. When the current-voltage measurements were restricted to the range of 62 V, the curves were stable and repeatable, and no pronounced hysteresis was observed. When a voltage of 64 V was applied, the diode resistance switched between low and high resistance states. Figure 1 (a) shows the J-V curves where the bias is such that the electrons are injected from the SrTiO 3 :Nb contact. The numbers next to the lines depict the sequence of measurements between which a switching voltage (64 V) was applied. The plot is in a log-log scale, but the slope in all the curves is close to 1, indicating resistor like behavior where the resistance changes by about 2 orders of magnitude. The origin of this resistance change is, however, not clear. In Figure 1 (b), we plot the J-V curves measured for the opposite voltage bias such that electrons were injected from the Ca contact. Examining this set of curves, we see diode behavior with the leakage current changing between the different curves. We defer the explanation of the switching phenomena and the apparent leakage currents to the analysis section, and we continue to present other experimental data that can help shed light on the topic at question.
The second type of device we constructed was a hole only device, which had one of two different configurations. The first one was FTO/SrTiO 3 :Nb/P3HT/MoO 3 /Au and the second one omitted the SrTiO 3 :Nb layer so that the device configuration was FTO/P3HT/MoO 3 /Au. In both cases, the semiconductor (P3HT) had a thickness of about 100 nm. The position of the P3HT LUMO at $3 eV below the vacuum level ensures that no electrons can be injected in this device configuration, while the HOMO at $4.8 eV enabled the injection of holes so that the device was a hole only device. In Figure 2 (a), we plot both the forward and reverse characteristics of the two diodes. The dashed line is for injection from the bottom contact (FTO or SrTiO 3 :Nb) and the solid line is for injection from the MoO 3 contact. AFM scans of the FTO substrates confirmed that they contained no spikes that could introduce leakage currents. The presence of an asymmetry between forward and reverse currents for MIM type devices has been attributed to the presence of a built in field. 12, 13 This is to be expected for the SrTiO 3 :Nb-MoO 3 electrode pair since their work functions are reported to be 3.9 eV (Refs. 14 and 15) and 6.9 eV, 16 respectively. The lack of an asymmetry in the FTO-MoO 3 device and its presence in the SrTiO 3 :Nb-MoO 3 device strongly suggests that the work function of the bottom contact is a dominant factor in determining the J-V curves of these devices. The difference between these two devices resembles the differences shown in Figure 1 suggesting that the work function of the bottom contact may have changed when switching voltages were applied. In Figure 2 (b), we plot the initial J-V curves of the FTO/SrTiO 3 :Nb/P3HT/MoO 3 /Au device in the dark (1) and the J-V curves of the device in the dark after prolonged light soaking under simulated solar radiation (2) . Light soaking had a unidirectional effect resulting in lower currents that would recover after prolonged periods in the dark. We note that in this device configuration light soaking results in reduced "leakage" currents or enhanced effective resistance.
The last set of experimental data we present is that of a strong light soaking improvement in bulk heterojunction organic photovoltaic cells made from a photo-absorbing layer of P3HT blended with PCBM sandwiched between a TCO cathode of SrTiO 3 :Nb and an anode of MoO 3 (see Figure  3(a) ). The solar cells had an inverted configuration where the bottom contact was SrTiO 3 :Nb and the top contact was MoO 3 (for the full device structure see the inset of Figure  3(b) ). Figure 3(a) shows that before light soaking (0 min), the J-V curve exhibits an S shape, which is commonly attributed to a high effective contact resistance. As light soaking is applied, the S shape gradually disappears and both the short-circuit current and the fill-factor improve. Figure 3(b) shows the open circuit voltage as a function of light soaking, and we see that in the first 10 min, it rises by about 0.2 V and then saturates at a constant value of about 0.57 V. While the open circuit voltage may depend on several factors, we may still, carefully, deduce that it seems that both resistance and built in potential are changing in response to light soaking.
IV. ANALYSIS
Before describing our analysis, we discuss relevant theories that have been developed in the context of MIM devices. MIM devices with an inorganic crystal as the insulating layer were an active area of research in the 1940s-1980s. [17] [18] [19] These studies usually used the same metal for both the anode and cathode of the device. This created a device with no built-in voltage between the anode and cathode and ensured that only one carrier type was being injected, transported, and extracted from the device (see Figure 4(a) ). For these devices, analytical models were developed based on the drift-diffusion equation. These models were often reduced to simple expressions for two limiting cases. The first was when the charge injected into the device was high enough that space charge limited current would form (Eq. (1)) and the second was when the injected charge was so low that it limited the current giving rise to an Ohmic like relation (Eq. (2)),
Here, J is the current density, q is the charge of an electron, l is the electron mobility of the insulator, e is the insulator's permittivity, V is the applied voltage, L is the thickness of the insulating layer, and n 0 is the charge density next to the injecting contact. This simple model was extended to the case where two different metals with different Fermi-energy levels, i.e., workfunctions, were used so that the device had a built-in voltage. 13, 20, 21 One of the results of this model is that at large voltage biases, there is an asymmetry in forward and reverse bias conduction that can be several orders of magnitude in size. This stems from the interplay between diffusion and drift. At zero bias, the built-in field is opposed by an equally strong diffusion gradient (see Figure 4(b) ). For small forward biases, a diffusion current is responsible for current flow. The current is low because diffusion is opposed by a small drift force in the opposite direction due to the built-in field. As the bias increases, the electric field inside the device decreases until it reaches a transition point and flips directions, resulting in a large increase in current flow and charge carrier density. In the reverse direction, a strong electric field is opposed by a strong diffusion gradient. There is no transition point, and the contact that is injecting current is a poor injector resulting in a current that is much lower than the forward current at the same bias. This does not exist in devices with symmetric contacts, for them Eqs. (1) and (2) describe both forward and reverse biases. This asymmetry depends on the strength of the built-in voltage and thus provides information on the device's electrodes' work functions. Unfortunately, closed form solutions for the currents in MIM devices with asymmetric contacts are extremely difficult to attain, although rigorous solutions have been shown under specific approximations. 13 Because of this, we use numerical simulations to analyze the device behavior. Figure 5 (a) shows current-voltage curves calculated using a semiconductor device model. The simulation uses a drift-diffusion model, which incorporates the contacts in a self-consistent manner as described in Ref. 22 . In these calculations, we assumed a 100 nm thick intrinsic semiconductor having a band gap of 2 eV. One electrode (defined as Ohmic) had an injection barrier of 0.1 eV and the other one had an injection barrier that was varied between 0 and 0.9 eV (see values in the figure). The model assumed no electronic disorder and that the semiconductor is non degenerate. The charge mobility value was taken to be 10 À3 cm 2 v À1 s
À1
. The thick solid lines, denoted as forward, were calculated for the Ohmic contact being the electron injecting contact and the thin lines are for the opposite bias where the other contact is injecting the electrons. For contact barriers between zero and 0.3 eV, there is no difference between forward and reverse bias indicating the range where the contact is still Ohmic. At a barrier height of 0.4 eV, a difference starts to evolve and reaches up to 9 orders of magnitude for an injection barrier of 0.9 eV.
Comparing Figure 5 (a) to Figure 1 or Figure 2 , we note that it captures the change in the measured J-V curves following either switching voltage or light soaking. Using the simulated results, we note that in the reverse direction, where the high barrier contact is injecting, the curves have an almost linear slope and that the device resistance is changing as a function of the contact barrier height. This can be understood with the aid of Eq. (2), which tells us that for a high barrier contact the current is proportional to the 2) shows that in the case where the current is contact limited, the charge density is almost uniform across the film and equals n 0 . Namely, the resistance that is changing is the bulk resistance that is directly related to the charge density. This "resistor" also plays a role when the Ohmic contact is the injecting contact. In that case, it appears as the leakage path that masks the diode-like shape of the J-V curve at low bias levels. The space charge limited regime appears only at applied voltages above the built in potential, and indeed the exponential rise in the current is followed by a power law with an exponent of 2.
To test the model in a more quantitative way, we fitted the calculated curves to the measurements of Figure 2 (b) (see Figure 5(b) ). As the mobility used for the simulation is not necessarily the same as the mobility in the measured device, we focused on fitting the shape of the measured curves rather than their absolute values. Namely, instead of finding the simulated curve, JðDE i Þ, that best fit the measured data, we used C Á JðDE i Þ for the fit, with C being a fitting parameter. This fitting procedure resulted in the SrTiO 3 :Nb having an injection barrier of 0.55 eV relative to P3HT's HOMO, which then increased to 0.6 eV upon light soaking (i.e., the SrTiO 3 :Nb workfunction went up towards the vacuum level).
While there is a rather good resemblence between the shape of the simulated curves and the measured ones, there are clear differences, especially when considering the forward curves. The part that exhibits the exponential rise is more shallow in the measured curves. Spatial disorder in either the film 23, 24 or the contacts [25] [26] [27] could be considered as a source of such phenomena. Detailed studies of SrTiO 3 :Nb do indicate the presence of spatial nonuniformities, 28 and studies of Pt/SrTiO 3 junctions have indicated workfunction inhomogeneities. 2, 29 Also, the results of Figure  5(a) show the high impact of the barrier height, hence we would follow the route of suggesting that the spatial disorder in the contact barrier would create a series of parallel connected diodes each having a unique barrier height. Namely, we fit the neasured current density (J D ) to a linear combination of the currents calculated for different barrier heights (DE i ), as expressed in the following equation:
In Figures 6(a) and 6(c) , we present the results of the fitting procedure using Eq. (3). We first performed the fit using the finite set of DE 2 ½0:35 eV; 0:40 eV; :::; 0:9 eV. Next, we chose the 3 most significant values and repeated the fit using them only. In Figures 6 (b) and 6(d), we present the coefficients (a i ) as a function of the barrier height (DE i ). As the reverse currents are featureless, we use the forward currents to evaluate the coefficients and then the same coefficients are used to calculate the reverse currents. The symbols in Figure 6 (a) represent the measured data of the hole only device before and after light soaking (Figure 2(b) ). The lines show the best fit curves. One can see that the fit for the forward current is excellent and the reverse current fits are not so bad. The most meaningful coeficients are of relatively high barrier heights as would be expected for the injection of holes from SrTiO 3 :Nb to P3HT. The resulting coefficients in Figure 6 (b) can be taken to represent the relative contact area for each barrier height. [25] [26] [27] Namely, Figure 6 (b) implies that the change seen in the J-V curves is attributed to a relatively small fraction of the device area. Since the sum of the coeficients for barrier heights below 0.9 eV is less than 10% of the total sum, we can deduce that less than 10% of the sample was involved in the light soaking phenomena. In Figure 6 (c), we show the resulting fitting procedure when applied to the switching voltage measurements of electron only devices presented in Figure 1 (b) (curves 4 and 5). The obtained coefficients are shown in Figure 6(d) . For the low current case, the close to Ohmic contact comprises less than 10% of the contact area. In the high current case, the Ohmic contact comprises about 90% of the contact area. The low barrier heights are in agreement with SrTiO 3 :Nb being a relatively good electron injecting contact to PCBM. Since the high current case, which shows no indication of built in field, is featureless, the only conclusion we can make is that the area covered by the Ohmic contact is at least 90% of the total contact area and hence that most of the device area took part in the switching phenomena. It is also interesting to compare suggesting that it is at 3.8-3.9 eV, in good agreement with Figure 6 (b) and with reported values for n-type SrTiO 3 .
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V. SUMMARY
In summary, current-voltage measurements of single carrier injection into MIM type devices can provide quantitative data on the built-in voltage inside the devices. This can be used to measure changes in the Fermi energy level of the contacts in situ following various treatments that modify the contacts' work functions. In the context of memristors, we found, for the first time, that the resistance switching associated with the metal oxide films studied here is accompanied by a large change in the work function of the film. In the devices studied here, this was the dominant effect. The above conclusions were made possible largely due to the device configuration. First, the other contact had a workfunction outside the semiconductor bandgap, so that it was pinned to the respective energy level, HOMO or LUMO. Second, the semiconductor used was a low mobility semiconductor ensuring that the resistance of the 8 nm SrTiO 3 :Nb film was negligible in comparison and thus changes in the SrTiO 3 :Nb film resistance would not have affected the device performance and could be neglected. The results shown in Figure 6 are in qualitative agreement with those reported in Ref. 29 , and the actual differences may be attributed to the differences in prepraration protocols of the SrTiO 3 :Nb films. However, we believe that at least some of the differences are attributed to the different analysis method used here. It has been suggested that switching in SrTiO 3 would involve both barrier height modifications and filamentary conduction. 30 The use of thin SrTiO 3 :Nb film on top of a low mobility semiconductor ensures that the resistance change of the SrTiO 3 :Nb film does not affect the analysis of the barrier height distribution. Otherwise, the analysis would over emphasize the regions exhibiting lower SrTiO 3 :Nb film resistance. All measurements were performed at the same temperature thus minimizing the potential effect of changes to the bulk resistance in the resulting analysis. Finally, as we performed numerical fitting, we did not assume the inhomogeneity distribution to be Gaussian in nature.
In the context of MIM diodes or solar cells, applying this method to devices using SrTiO 3 :Nb contacts revealed that light soaking increased SrTiO 3 :Nb's Fermi energy level bringing it closer to the vacuum level. Through the analysis of the J-V curves, we conclude that the Ohmic like current, which in the context of diodes is the leakage current, is attributed to the finite charge density at the collecting electrode. To strengthen this point, we plot in Figure 7 the calculated charge density distribution at a small forward bias (V ¼ 10 mV) for two barriers heights at the collecting electrode. These were 0.5 eV (solid line) and 0.45 eV (dashed line). It is clear from this plot that the collecting electrode induces a background charge density which is independent of the charge injected at x ¼ 0, thus creating a background conduction or apparent leakage current (parallel resistance).
The other point we could deduce from our analysis is that the serial resistance found in the reverse bias is induced by the contact and hence it can be called a contact resistance. However, the resistance is that of the semiconductor due to the very low charge density imposed by the contact. Finally, it is well accepted that thin metal oxide films operating as memristor elements are non uniform to the point they may support filamentary currents. 1 We found that when the thin metal oxide film acts as part of the electrode, the non-uniformity affects the device performance and through analysis we could quantify such non-uniformities ( Figures  6(b) and 6(d) ). In Ref. 25 , the effect of the inhomogeneous barrier height was considered within the framework of thermionic emission, and it was shown that such nonuniformity or inhomogeneity would lead to ideality factor larger than 1. In low mobility semiconductors, the back diffusion is significant, and hence the contact is better treated assuming equilibrium or continuity of the Fermi level at the contact interface. 22, 31 Nevertheless, the concept that a combination of different barrier heights could lead to ideality factor significantly above 1 holds true here too. In Figure 8 , the symbols represent data points and the lines represent the best fit to an exponentially rising current. The empty symbols are from the simulation data presented in Figure 5 Figure 2(b) . The lines are exponential fits performed to extract the ideality factor n.
